Summary Elevated concentrations of proinsulin-like molecules, other than insulin, may be associated with abnormalities of cardiovascular risk factors, promoting atherogenesis and thrombosis. Using specific assays we examined the relationship of levels of insulin, intact proinsulin and des-31,32 proinsulin to blood pressure, lipids, fibrinogen, factor VII and albumin excretion rate in 270 europids with normal glucose tolerance. After correcting for age and body mass index, fasting and 2-h insulin concentrations were significantly associated with those of total and LDL-cholesterol (r=0.18-0.22), HDL-cholesterol (both r = -0.20) and triglycerides (r = 0.21 and 0.18), but not with blood pressure. Concentrations of intact and des-31,32 proinsulin showed significant associations with those of total and LDL-cholesterol (r = 0.20-0.23), HDL-cholesterol (r = -0.31 and -0.32) and triglycerides (r = 0.22 and 0.26). Fasting insulin and intact proinsulin concentrations were significantly associated with fibrinogen (r = 0.15 and 0.18). Concentrations of proinsulin-like molecules comprised less than 10 % of all insulin-like molecules, and so were calculated not to influence previously described relationships between insulin concentrations and cardiovascular risk factors measured using nonspecific assays. In multiple regression analyses des-31,32 proinsulin concentration was more strongly associated with those of HDL-cholesterol (negatively), LDL-cholesterol and triglycerides than fasting insulin concentrations, while intact proinsulin replaced insulin concentrations in their relationships with fibrinogen. Our results show correlations between dyslipidaemia and proinsulin-like molecules at concentrations at which biological, insulin-like, activity appears unlikely. We also show relationships between LDL-cholesterol and fibrinogen and the proinsulinlike molecules. These results suggest that a causal relationship mediated by hyperinsulinaemia and insulin resistance is unlikely. [Diabetologia (1995[Diabetologia ( ) 38: 1110[Diabetologia ( -1116 Key words Proinsulin-like molecules, cardiovascular risk factors, insulin, insulin resistance, beta-cell function.
The relationship between fasting hyperinsulinaemia and certain cardiovascular risk factors, such as blood pressure, raised triglycerides and low concentrations of HDL-cholesterol, has been demonstrated in both diabetic and non-diabetic subjects [1, 2] . We have reported that in diabetic subjects the apparent association between concentrations of insulin and these risk factors may be explained by the proinsulin-like molecules, intact and des-31,32 proinsulin [3] , which crossreact in most immunoassays for insulin [4] . These observations raise the possibility that elevated concentrations of proinsulin-like molecules, rather than insulin, may produce abnormalities of cardiovascular risk factors, thereby promoting atherogenesis and thrombosis. Because previous studies have not applied highly sensitive and specific assays [5, 6] , to date no epidemiological study in non-diabetic sub-jects has related levels of cardiovascular risk factors to concentrations of intact proinsulin and des-31,32 proinsulin, the main circulating insulin precursors. We have therefore studied the relationships of insulin, intact proinsulin and des-31,32 proinsulin, measured with such assays, with recognised cardiovascular risk factors in europid subjects, aged 40-75 years with normal glucose tolerance, in north London.
The aims of the study were to determine for the first time, whether independent relationships exist between levels of cardiovascular risk factors and concentrations of each of the two major proinsulin-like molecules, measured using highly sensitive and specific assays, in non-diabetic subjects; and, secondly, to see whether in these subjects cross-reaction of these proinsulin-like molecules in standard assays for insulin would be likely to account for the previously described relationships of hyperinsulinaemia in such non-diabetic subjects.
Subjects and methods
Subjects. Details of subject recruitment and screening procedure have been reported elsewhere [7] . The study population consisted of 1046 europid subjects, aged 40-75 years, registered at a general practice in north London. Of these subjects 44 were not europid, 2 were over 75 years, 7 had glucose concentration data missing, 25 were newly diagnosed diabetic patients and 49 had impaired glucose tolerance, leaving 919 subjects (518 female and 401 male) with normal glucose tolerance [8] . A stratified subset of these subjects (n = 270, 150 female and 120 male) had fasting intact and des-31,32 proinsulins measured, this group being similar to the total population in terms of the characteristics shown in Table 1 and all subsequent analyses were carried out on this subset population.
Clinical methods. Blood pressure was measured with a random zero sphygmomanometer (Hawksley Gelman, Lancing, Sussex, UK) on two occasions, the first after registration and the second during the oral glucose tolerance test. Diastolic blood pressure was taken as the fifth Korotkoff sound. The mean of the two measurements was used in the analyses. Body mass index (BMI) was calculated as the weight (kg) divided by the square of the height (m2).
Venous blood (20 ml) was taken after an overnight fast for measurements of plasma glucose, lipids, fibrinogen, factor VII and the insulin-like molecules. A glucose load (75 g: Fortical, Cow and Gate, Trowbridge, Wiltshire, UK) was then given and further blood samples were taken after 2 h for estimation of concentrations of plasma glucose and of insulin. Subjects provided two timed urine collections, one during the 2 h of the glucose tolerance test and the other as a timed overnight sample, for measurement of albumin excretion rate.
Biochemical methods. Plasma glucose concentration was assayed with glucose oxidase reagent (Beckman, Brea, Calif., USA). Serum triglycerides and total cholesterol were assayed enzymatically with commercial reagents (total-cholesterol: Boehringer-Mannheim, Lewes, Sussex, UK and triglycerides: Roche Diagnostics, Hatfield, Herts., UK). HDL-cholesterol was measured by the same method after the low density lipoproteins had been quantitatively precipitated out by the addi-1111 tion of phosphotungstic acid in the presence of magnesium ions. LDL-cholesterol was calculated using the Friedewald formula [9] . Fibrinogen concentration was measured using a modified Clauss method (Boehringer-Mannheim) and factor VII activity assessed utilising factor-VII-deficient plasma (Withington Hospital, Manchester, UK). Urinary albumin concentration was measured by an in-house modified, competitive enzymoimmunoassay, validated against a commercial radioimmunoassay [7, 10] (Pharmacia-LKB, Milton Keynes, Bucks, UK) (r = 0.96) from which an albumin excretion rate was calculated.
Insulin, intact proinsulin and des-31,32 proinsulin concentrations were assayed by in-house two-site immunometric assays [11, 12] with previously characterised monoclonal antibodies 14B, 3B 1 and A6 (Serono-Diagnostics, Woking, Surrey, UK) and an anti-C-peptide antibody, PEP001 (Novo Nordisk, Copenhagen, Denmark) [13] . Insulin was captured with 14B and detected with 3Bl-alkaline phosphatase conjugate, using the amplification system described by Johannsson et al. [14] . The assay detected down to 3 pmol x F 1 with intra-and inter-assay coefficients of variations (CVs) of 7.9 and 14.3 % respectively [11] . Microplate immunoradiometric assays (IRMA) for intact proinsulin and des-31,32 proinsulin used 3B1 as the capture antibody, a sandwich formed with intact or des-31,32 proinsulin and detection with iodinated A6 or PEP001, respectively, and the radioactivity of individual wells was counted. Detection limits (mean + 3SD of zero signal) for intact and des-31,32 proinsulin were 0.25 and 0.125 pmol x 1-1, respectively. Intra-and inter-assay CVs were 6.3 and 9.8 % for intact proinsulin and 8.6 and 12.6 % for des-31,32 proinsulin, respectively [12] . Des-31,32 proinsulin concentration was calculated by subtracting the cross-reactivity of measured intact proinsulin. Insulin standard was supplied by NIBSC (Potters Bar, Herts., UK) and intact and des-31,32 proinsulin by Eli Lilly & Co. (Indianapolis, Ind., USA).
Statistical analys&
The data were entered into a computer database using Smartware II software package and analysed using the Statistical Package for Social Sciences (SPSS). Insulin, intact proinsulin, des-31,32 proinsulin, factor VII and triglyceride concentrations and albumin excretion rate were log transformed to improve normality. The Kolmogorov-Amirnov test, which uses the hypothesis of normal distribution, was accepted for logtransformed data. Correlation coefficients and partial correlation coefficients were used to assess the strength of independent associations between different variables and concentrations of insulin and the proinsulin-like molecules while correcting for confounding variables. Correlations were repeated using a non-parametric (Spearman rank) test and there were virtually no differences in coefficients for any of the relationships. Furthermore, inspection of relationships using quintiles of distribution did not suggest threshold effects in the relationships. Separate multiple regression analyses for associations of intact and des-31,32 proinsulin molecules were performed on the subset of subjects for whom all variables were complete (n = 218). The association of BMI with insulin-like molecules was different in males and females and this was corrected for by using an interaction term (sex*BMI) in all subsequent analyses. There were missing data for blood pressure, fibrinogen, factor VII, lipids, insulin and 2-h albumin excretion rate for up to 12 subjects (4.5 %), but overnight and mean albumin excretion rate were unavailable for up to 40 subjects (15 %). Individual n values are not presented for reasons of simplicity. 
Results
Of the normal glucose tolerant women screened 30 % were pre-menopausal, 60 % post-menopausal, 8 % on hormone replacement therapy and 2 % on the oral contraceptive pill. Characteristics of the study populations are shown in Table 1 . The men in the study had higher blood pressure and fasting glucose levels than the women. Total cholesterol, HDL-cholesterol, LDL-cholesterol, triglyceride and factor VII levels were higher in women and they were more hyperinsulinaemic as assessed by the fasting and 2-h samples. The men had higher intact and des-31,32 proinsulin concentrations than the women. The fasting concentrations of all the insulin-like molecules showed significant correlations with age, BMI, systolic and diastolic blood pressure, fasting and 2-h plasma glucose, fibrinogen and all measures of lipids ( Table 2 ). There was no association between any of the measures of albumin excretion rate (2-h, overnight or logarithmic mean) and fasting or 2-h insulin while the association of intact and des-l,32 proinsulin levels and the 2-h albumin excretion rate was just significant.
We have previously shown [4] that radioimmunoassays for insulin appear to recognise intact and desproinsulins. We therefore repeated correlations using the sum of fasting insulin plus intact proinsulin plus des-l,32 proinsulin in order to see whether, in non-diabetic subjects, concentrations of proinsulinlike molecules would confound relationships with insulin by using a non-specific assay. All correlations of sum of insulin-like molecules were, however, virtually identical to those using fasting insulin concentrations alone (data not shown).
Correlations, corrected for age, BMI, sex and the interaction (sex*BMI), are shown in Table 3 . Adjustments for menopausal status or hormone replacement therapy were without effect on the results and therefore are not shown. All lipid variables showed significant correlation with all insulin and proinsulin concentrations (total and LDL-cholesterol and triglyceride positively; HDL-cholesterol negatively). Fibrinogen correlated significantly with fasting insulin and with intact proinsulin. There were no significant associations between any of the measures of albumin excretion rate and any of the insulin-like molecules.
Because of the possibility that relationships of insulin-like molecules with LDL-cholesterol were the result of a significant association between LDL-cholesterol and triglyceride (r = 0.29) the multiple regression analysis was repeated including triglyceride in the equation. Independent relations of LDL-cholesterol remained significant with intact proinsulin (r= 0.13) and des-31,32 proinsulin concentrations (r = 0.16), but not with fasting or 2-h insulin.
Separate multiple regression analysis models were used for intact and des-31,32 proinsulin submitting as independent variables concentrations of fasting insulin, intact proinsulin, des-31,32 proinsulin, age, sex, BMI and interaction (sex*BMI), and using in turn each of the lipids or fibrinogen as the dependent variables (Table 4 and 5, respectively). The significance level for entry in the multiple regression was 0.05. The variables that entered the model, and those that did not, are presented in Tables 4 and 5 . Small differences in partial correlation coefficients between Tables 3 and 4 are the consequence of using only 218 subjects for whom all variables were available in Table 4 and 5. Des-31,32 proinsulin showed the strong- In this population, it should be noted, we found no relationship between height and proinsulin concentrations.
Discussion
Obesity, hypertension, dyslipidaemia and glucose intolerance often coexist in the same individual, and this has been termed the insulin resistance syndrome, or syndrome X [15, 16] . It has been proposed that the combination of the components of syndrome X may be mediated by insulin resistance, which, in the presence of a normally functioning pancreas, is associated with hyperinsulinaemia. Various mechanisms have been proposed whereby insulin resistance and increased circulating insulin concentrations might produce changes in cardiovascular risk factors. Body sodium and volume expansion may play a role in hypertension as insulin reduces urinary sodium excretion and increases sodium reabsorpti0n [17] . Sympathetic nervous system activation by insulin may also provide another amplifier for the interactions between obesity, hyperinsulinaemia and hypertension [18] . It is proposed that in adipose tissue insulin resistance causes excessive non-esterified fatty acid release with a consequent increase in hepatic very low density lipoprotein secretion, but impaired lipoprotein lipase activity in adipose tissue might also contribute to hypertriglyceridaemia and low HDL-cholesterol concentration in insulin resistant states [19] .
In population studies direct measures of insulin resistance are difficult to obtain, and insulin concentrations are often used as a surrogate. However, fasting insulin concentrations may be below the limit of sensitivity of some assays and many commercially available assays for insulin also measure intact and des-31,32 proinsulins [4] . We have shown, for the first time, in a large homogeneous population of subjects with normal glucose tolerance, that specific measures of fasting and 2-h insulin correlate significantly with insulin resistance syndrome variables, systolic and diastolic blood pressure, triglycerides, and inversely with HDL-cholesterol. High LDL-cholesterol is not recognised as a component of the insulin resistance syndrome [15] . However, several population studies have shown weak correlations between insulin concentration and LDL-cholesterol [20] [21] [22] . Since studies of subjects with isolated elevation of LDL-cholesterol have found no reduction in insulin sensitivity [23] , it is not clear what component of this can be explained by the separate association of insulin levels with triglyceride and of triglyceride with LDL-cholesterol. In our population, an independent relation existed between LDL-cholesterol and specific measures of 2-h insulin in normal glucose tolerant subjects, even when adjusting for these confounding variables. Insulin resistance has been found in diabetic [24, 25] and non-diabetic [26] [27] [28] subjects with microalbuminuria but, using a specific insulin assay, we have not been able to confirm suggestions of associations of hyperinsulinaemia or insulin resistance with albumin excretion rate. In our study, we used both fasting and 2-h insulin concentrations and these provided very similar correlations with the cardiovascular risk factor variables.
In diabetic populations, and in subjects with impaired glucose tolerance, proinsulin-like molecules comprise a substantial proportion of the total immunoreactive insulin [4, 29] . In 51 subjects with non-insulin-dependent diabetes mellitus we have reported that, although immunoreactive insulin levels, measured with a commercial radioimmunoassay, correlated with total cholesterol, HDL-cholesterol, triglyceride, systolic blood pressure and diastolic blood pressure, specific insulin concentration remained significantly associated with only triglyceride and blood pressure [3] . In the same subjects, des-31,32 proinsulin correlated significantly with measurements of lipids, as well as blood pressure and plasminogen activator inhibitor type 1 (PAI-1) activity, suggesting that, at least, in diabetic subjects, some of the relationships reported between hyperinsulinaemia and levels of cardiovascular risk factors may actually reflect correlations of these risk factors with elevated concentrations of proinsulin-like molecules.
It may be, however, that in non-diabetic subjects, in whom relative or absolute levels of proinsulin-like molecules are low, similar relationships would not exist, and there would be no confounding by assay nonspecificity, of the relationships with insulin concentrations determined by radioimmunoassay. Two studies in non-diabetic subjects have related proinsulin concentrations to cardiovascular risk factors [5, 6] . In the first report, from the San Antonio Heart study, concentrations of total proinsulins were shown to be more strongly related to adverse lipid profiles and blood pressure than were those of insulin in 260 Mexican-Americans and non-Hispanic whites, with normal or impaired glucose tolerance (30 % of their study population) [5] . In the second study proinsulins were calculated as the difference between immunoreactive insulin and insulin measured by a specific assay [6] . In our present study we examined these relationships, measuring for the first time specific levels of both intact and des-31,32 proinsulin, in a wellcharacterised population, consisting of larger numbers than in previous studies. We report here only those with normal glucose tolerance, based on World Health Organization criteria [8] . In this study concentrations of proinsulin-like molecules correlated with BMI, age and blood glucose concentration. After correcting for age and BMI, we observed novel, strong correlations between levels of both of the proinsulinlike molecules and lipids, including LDL cholesterol, in the absence of independent associations with blood pressure. While it is possible that these relationships represent confounding by some aspects of obesity, not fully quantified by BMI, such a hypothesis might require computed tomographic scanning to control fully for such measures [30] . Furthermore, it is improbable that controlling for other measures of obesity would differentially influence relationships with insulin and with proinsulin-like molecules, recognising that in multiple regression models, proinsulin-like molecules show stronger relationships than do insulin concentrations with HDL cholesterol, LDL cholesterol and triglycerides. We found, however, that the concentrations of proinsulin-like molecules were too low to confound measured relationships between insulin and the insulin resistance syndrome variables, a point recently confirmed by Haftner et al. [31] .
Significant statistical correlation is not proof of causation, so that proinsulin cannot necessarily be implicated directly in determining abnormal levels of risk factors. In intervention studies in diabetic subjects, reducing levels of the proinsulin-like molecules did not affect those of lipids or apoproteins but only those of PAI-1 [32] , suggesting the relationship of proinsulin with dyslipidaemia is not causal. Furthermore, the observations of correlations of proinsulin-like molecules at the concentrations found in non-diabetic subjects, which in this study was only 10.1 + 7.9 % (mean + SD) of those of insulin, when the receptor binding and activity of proinsulin in vitro or in vivo is around 1-8 % of that of insulin [33] , makes a direct causative, insulin-like, role of proinsulin improbable. It is possible that borderline beta-cell dysfunction causes lipid abnormalities, which predate glucose, coagulation and blood pressure changes, by mechanisms not involving proinsulin. The relationships of proinsulin concentrations with LDL-cholesterol and fibrinogen, not classically described as variables of syndrome X, further suggest that these interactions are unlikely to be mediated by insulin resistance. Studies from Barker's group have shown that low birth weight, or thinness at birth, is associated with high concentrations of intact and des-31,32 proinsulin, PAI-1, insulin resistance and abnormalities of blood pressure and fibrinogen and cholesterol, suggesting one possible mechanism of association [34] .
In conclusion, we have shown that in normal glucose tolerant subjects, concentrations of des-31,32 proinsulin are more strongly related to levels of triglyceride, HDL-cholesterol and LDL-cholesterol, and intact proinsulin to fibrinogen, than are those of insulin per se. In these subjects proinsulin concentrations are not significantly related to blood pressure levels after correction for age and BMI, and these relationships may be apparent only in the glucose intolerant state [5] . Moreover, the concentrations of proinsulinlike molecules in normal glucose tolerant subjects are not likely to affect interpretation of previously described relationships between insulin concentrations using standard assays and levels of cardiovascular risk factors [35] . The findings of strong and independent relationships between proinsulin concentrations and insulin resistance syndrome variables raises questions regarding the likelihood of cause and effect.
